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Abstract
The optical trapping and manipulation of small particles is an important tool for
probing fluid properties at the microscale. In particular, microrheology exploits the
manipulation and rotation of micron-scale particles to probe local viscosity, especially
where these properties may be perturbed as a function of their local environment, for
example in the vicinity of cells. To this end, birefringent particles are useful as they
can be readily controlled using optically induced forces and torques, and thereby used
to probe their local environment. However the magnitude of optical torques that can
be induced in birefringent particles is small, and a function of the particle diameter,
meaning that rotational flow cannot readily be probed on length scales much small than
the micron level. Here we show modelling that demonstrates that eccentric spherical
core-shell nanoparticles can be used to generate considerable optical torques. The


























eccentricity is a result of the displacement of the centre of the core from the shell. Our
results show that, for particles ranging from 90 nm to 180 nm in diameter, we may
achieve rotation rates exceeding 800 Hz. This fills a missing size gap in the rotation
of microparticles with optical forces. The diameter of particle we may rotate is almost
an order of magnitude smaller than the smallest birefringent particles that have been
successfully rotated to date. The rotation of eccentric core-shell nanoparticles therefore
makes an important contribution to biophotonics and creates new opportunities for
rheology in nanoscale environments.
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1 Introduction
The field of optical trapping, initiated by Arthur Ashkin1 received the Nobel Prize in physics
in 2018. The topic area describes the control and manipulation of mesoscale particles using
the momentum of light. The added feature of including light fields with spin or orbital
angular momentum has fuelled the topic of rotating as well as translating trapped particles.
It has been widely applied across the sciences and has made particular impacts in areas
spanning fundamental physics2,3 to biological sciences.4–10 This opens up the prospect of
new studies including those in microfluidics, namely cellular microrheology and rotational
dynamics for the burgeoning area of levitated optomechanics.
From the fundamental physics standpoint, the area of levitated optomechanics has emerged
as a powerful way to explore the boundary between classical and quantum physics with
mesoscopic particles well isolated from their environs.11–14 In turn, this has led to the recent
demonstration of cooling of a particle to the quantum ground state.15 In other work, the
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motion of trapped particles has elucidated fundamental concepts for both the linear and
angular momentum of light by using a trapped particle as a probe of the incident field.16–18
In the area of biological science, the use of optical traps as calibrated force transducers
has led to the measurement of exquisite, minuscule forces associated with a range of linear
and rotary molecular motors.19 However the challenge of understanding how cells respond
to their environment requires the probing of viscosity at the nanoscale, and this length scale
is not yet accessible through the transfer of sufficient optical torque to induce rotation of
nanoparticles. Currently, birefringent particles are often used as the optical rotation probes
for local rheology measurements. However, given the small difference of the refractive indices
between the optical paths of birefringent particles and optical torque in proportion to a3 ∼ a6
with a being the characteristic size of the particle,20 the optical torque becomes negligible as
the size of the birefringent particle reduces, especially below the sub-micron scale. Smaller
nano-scale probes of viscosity should unlock cellular environmental responses as they can be
taken up more readily in cells, with future applications as minimally invasive probes of the
intracellular environment.
From the material science point of view, there has been considerable development of
nanoparticles with complex and bespoke compositions including metallic particles or high
refractive index materials. Such more complex nanoparticles offer great promise for novel
applications, and the emergence of new synthesis capabilities at the mesoscale are becoming
more accessible. In this domain core-shell nanoparticles21–23 can be utilised to develop novel
materials to perform multiple tasks and functions.
Here we investigate the optical forces and torques acting on non-concentric asymmetrical
core-shell spherical particles (eccentric spherical core-shell nanoparticles). This is the first
study of its type and opens up a hitherto unrecognised area of exerting optical torques and
initiating rotation for spherical particles of very small size. Although the use of spin angular
momentum is already a powerful tool, standard techniques rely on a polarisation change
through the trapped object, which can be prohibitively small for particles below a micron in
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diameter. Accordingly, rotation studies have been performed with larger particles.24 These
studies include viscosity measurements. Conversely, as we show, non-concentric core-shell
spherical particle of sizes 50-500 nm in diameter may undergo rotation. In this case, the
determination of viscosity is straightforward when compared to multiparticle aggregates that
can be rotated but would be more complex to model.25 This is crucial for future studies in
cellular environments incompatible with larger particles, for example and benefit from a
straightforward route to determine viscosity from the system.
To date, the majority of studies of the optomechanical response of trapped particles have
focused on particles that comprise of a single homogenous (typically dielectric) material. By
tailoring the material property of the particle new modalities may be envisaged that cannot
be readily achieved using shaped light alone with dielectric objects.3 Core shell particles
offer new opportunities for optomechanical forces. A key example is combining the advan-
tage of core-shell particle and optical trapping, which can open up a promising direction of
nanotechnology for scientific, engineering, biological and medical applications. For instance,
Jannasch et al 26 enhanced optical forces to the nanonewton level by coating a titania par-
ticle with a silica shell, which is useful for biological studies .9 Spadaro et al 27 studied how
the relative thickness between the core and shell can affect the optical force on a Au–PEG
core–shell particle. Ali et al 28 investigated the effects of the chirality of the core-shell particle
on the optical torque under a circularly polarised beam. So far, most studies of optical trap-
ping of concentric core-shell nanoparticles have been directed to increasing trapping force by
adding a shell with different refractive index to the core particle (for example creating an
anti-reflection coating). Our work is thus distinguished in this regard as we show, breaking
centro-symmetry in such systems leads to increased optical torques.
In the context of optomechanics we may ask: what is the effect of breaking the restriction
of centro-symmetry? A number of research studies have demonstrated the synthesis of ec-
centric spherical core-shell particles with different materials. For example, using gold cores,
researchers have built nanoscale eccentric core-shell particles with different shells, including
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Au@SiO2,29 Au@TiO2 30 and Au@polymer.31 Other than using Au as the core, with a poly-
mer as the shell, different types of semiconductor, metal and dielectric materials have also
been used as the core material for the synthesis of nanometric eccentric core-shell particles,
such as Fe2O3@polymer, Fe3O4@polymer, SnO2@polymer32 and silica@polymer.33 Other
compositions of eccentric core-shell particles were also developed, for instance, Ag@Ag2S
eccentric core-shell particles in nanometer size34 and TiO2@SiO2 non-concentric core-shell
particles at the micron scale.35
We explore Gaussian illumination on three types eccentric core-shell particles at the sub-
micron scale: a gold nanoparticle coated with a silica shell (Au@SiO2),29,36,37 a titanium
dioxide nanoparticle with a silica shell (TiO2@SiO2)35,38 and a silicon dioxide particle with
a titanium dioxide shell (SiO2@TiO2).39 These are chosen as representative nanoparticles
that may be fabricated with eccentric cores. We show that the optomechanical response
of an eccentric spherical eccentric core-shell particle is richer than for a centro-symmetric
symmetric particle, in particular due to the exertion of optical torques, as demonstrated in
Sec. 3. This optomechanical response of such an eccentric core-shell particle can expand
its remit in optical traps, namely inducing appreciable rotation rates in nanometre-sized
spherical particles which opens up the prospect for nanorheology, which is the key motivation
of this study.
2 Eccentric core-shell particle with Gaussian illumina-
tion
We consider particles where both the core and shell are spherical, and where the centers do
not align, as shown in Fig. 1 (a).
To induce optical effects, we firstly consider a trapping beam with Gaussian profile and
linear polarisation. The focal position of the trapping beam is set at the origin, and the
beam propagates along the z-axis with its electric field linearly polarising along the x-axis,
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(a) (b)
Figure 1: (a) Sketch of the geometric composition of the eccentric core-shell particle; (b) The electric
field magnitude of the electric field of the Gaussian beam on the xz plane. The beam propagates
along the z-axis and its electric field is linearly polarised along the x-axis.
as shown in Fig. 1 (b). The centre of the particle’s shell is fixed at the origin (the focal
point of the beam), and the core-centre is varied on the xz plane. The distance between the
core-centre and shell-center is denoted as h, and the angle from the line connecting core-
center and shell-center to the electric field polarisation direction (x axis) is θ, so that when
θ = 90o the centre line measured from the shell-centre to the core-centre is along the beam
propagation direction and when θ = 270o it is opposite to the beam propagation direction.
When the beam is not highly focused, its Gaussian profile and the corresponding incoming
electric and magnetic fields, Einc andH inc, are well described by the approximate expressions
given by Barton and Alexander.40,41 Assuming a linearly polarised single colour Gaussian
beam propagating along the z direction with its focal point locating at the origin in a source-
free homogeneous medium with relative permittivity ε and permeability µ, we may write the
electric and magnetic fields as
Eincx =E0
{
1 + s2(−%2ϑ2 − i%4ϑ3 − 2ϑ2ξ2)
+ s4
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In Eq. (1), ω is the angular frequency of the light beam, k = λ/2π is the optical wave number
with λ the optical wavelength, s = 1/(kw0) with beam waist radius w0, ξ = x/w0, η = y/w0,
and E0 is the electric field amplitude at the focal point of the beam (x = y = z = 0) that is









with ε0 and µ0 the free space permittivity and permeability, respectively. Also, functions %,
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ϑ and ψ0 are, respectively, defined as
% =
√
ξ2 + η2, ϑ =
kw20
2z − ikw20
, ψ0 = −iϑei%
2ϑ. (3)
If the trapping beam with Gaussian profile is not linearly polarised but circularly polarised,
the electric and magnetic fields can be also described based on Eq. (1),41 as detailed in
Sec. SI-2 in the supporting information.42
The scattered fields, Esca and Hsca, and the transmitted fields in the particles are calcu-
lated by using the robust field only surface integral method43–46, which is ideally suited to
calculating the electric and magnetic fields efficiently and accurately on particle surfaces.
By obtaining the surface electric and magnetic fields accurately, we then calculate the


















j )nj − (DjE∗j +BjH∗j )ni
] }
dS. (4)
In Eq. (4), subscript i = 1, 2, 3 is the ith component of the vector field, subscript j = 1, 2, 3 is
the jth component of the vector field, superscript ∗ indicates the conjugate of the field. Also,
Fi is the optical force, ni is the unit normal vector on surface Sshell, Ei is the ith component
of electric field, Di is the ith component of electric displacement, Hi is the ith component
of magnetizing field, and Bi is the ith component of magnetic field. In Eqs. (4) and (5), the
Einstein notation is used, and the 1st, 2nd and 3rd components correspond to the x, y and
z components of field, respectively.
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}
dS. (5)
where subscript l = 1, 2, 3 is the lth component of the vector field, subscript k = 1, 2, 3 is
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the kth component of the vector field, εijk is the Levi-Civita symbol, and rcj is the location
vector of a point on the shell surface to the centre of mass of the core-shell particle. The
centre of mass of the core-shell particle is on the centre line between the centre of the core
and that of the shell which distance to the centre of the shell, hc, can be calculated by
hc = h(ρcore − ρshell)/(ρcore + ρshell) where ρcore is the density of the core and ρshell is the
density of the shell.
3 Results and discussion
We study the optomechanical response of three types of eccentric core-shell particles held
with a trapping beam with a Gaussian profile, namely Au@SiO2, TiO2@SiO2 and SiO2@TiO2.
The densities, refractive indices and extinction coefficients of Au, SiO2 and TiO2 are listed
in Table 1. For our purposes, we assume that the particle has been trapped with the centre
of the shell located at the focal point of the beam. We can therefore concentrate on how
the orientation of the core particle will affect the optical trapping of the eccentric core-shell
particle. In this section, we focus on the optical torque acting on the nanoscale eccentric
spherical core-shell particle for the case of both a linearly polarised and a circularly polarised
Gaussian beam. The case of linear polarisation may lead to an optical torque wrench47 with
the particle aligning with the field or continuously rotating as the polarisation itself is ro-
tated. For a circularly polarised trapping beam we would see continuous rotation. For the
cases of continuous rotation, the particle may reach a terminal angular velocity once the
applied optical torque matches the rotational Stokes drag. The optical trapping forces of the
eccentric core-shell spherical particles are discussed in detail in Sec. SI-1 in the Supporting
Information.42
In Fig. 2, we show the optical torques acting on three types of eccentric core-shell particles
embedded in water under a linearly polarised Gaussian beam for a few different wavelength
values, with a fixed beam waist radius w0 = 1 µm. We chose readily available standard
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Table 1: Densities, refractive indices n and extinction coefficients k of Au,48 SiO2 49 and
TiO2 50
Density (g/cm3) n+ ik
λ=532 nm λ=775 nm λ=840 nm λ=1064 nm
Au 19.30 0.54+i2.14 0.18+i4.51 0.20+i5.02 0.31+i6.63
SiO2 2.50 1.46 1.45 1.45 1.45
TiO2 4.23 2.17 2.10 2.09 2.07
wavelengths of λ = 532 nm, λ = 775 nm, λ = 840 nm, and λ = 1064 nm. Also, these
wavelengths avoid the consequence of surface plasmon resonance for Au@SiO2 in water with
aSiO2 = 90 nm and aAu = 60 nm that happens at wavelength around 640 nm.
We can see, from Fig. 2, that as the wavelength becomes longer, the magnitude of the
optical torque decreases. Also, the optical torque exerted on Au@SiO2 is nearly one order
of magnitude higher than that on TiO2@SiO2 or SiO2@TiO2. This is mainly because the
difference of the refractive index between Au and SiO2 is higher than that between TiO2 and
SiO2 (see Table 1). Also, the trend of optical torque along with the orientation of the core
particle, θ on TiO2@SiO2 with ncore > nshell > nmedium is opposite to that on SiO2@TiO2 with
nshell > ncore > nmedium, as shown in the second and third columns of Fig. 2. This is another
indicator of how the material refractive index can affect the optomechanical response of an
eccentric core-shell particle. Similar to the optical force perpendicular to the beam direction,
the maximum optical torques appear at θ = 0o and θ = 180o for the core-shell particle with
shell radius 90 nm and core radius 60 nm. For Au@SiO2 and TiO2@SiO2 eccentric core-shell
particles, when θ = 0o, the optical torque will rotate the eccentric particle counter-clockwise
if we define that the beam propagation direction is pointing at 12 o’clock, and when θ = 180o
the optical torque will rotate them clockwise. However, for SiO2@TiO2, the direction of the
optical torque flips relative to Au@SiO2 or TiO2@SiO2.
As expected, the optical torque increases as the core particle is positioned further away
from the centre of the shell (i.e. the system is further from centrosymmetry). From the
synthesis point of view, moderate asymmetry with small h may be easier to achieve. In the









aSiO2=90nm, h = 10 nm
(e) TiO2@SiO2, aTiO2=60nm,
aSiO2=90nm, h = 10 nm
(f) SiO2@TiO2, aSiO2=60nm,
aTiO2=90nm, h = 10 nm
(g) Au@SiO2, aAu=30nm,
aSiO2=45nm, h = 10 nm
(h) TiO2@SiO2, aTiO2=30nm,
aSiO2=45nm, h = 10 nm
(i) SiO2@TiO2, aSiO2=30nm,
aTiO2=45nm, h = 10 nm
Figure 2: Optical torque acting on three types of eccentric core-shell particles in water with nwater =
1.33 under the linearly polarised Gaussian beam illumination with different wavelength λ and beam
waist radius fixed at w0 = 1 µm. The Au@SiO2 particles show the most pronounced effects due
to the larger refractive index contrast, with approximately one order of magnitude greater optical
torque than for the all dielectric particles. Interestingly both TiO2@SiO2 and SiO2@TiO2 particles
show comparable optical torques with approximately inverted responses as a function of particle
orientation.
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Table 2: Potential maximum rotation frequency Ω (in Hz) by using the optical torque
wrench47 for three types of eccentric spherical core-shell particles suspended in wa-
ter (n = 1.33) and illuminated with a linearly polarised Gaussian beam at different
wavelengths, λ. The beam waist radius is 1µm and beam power is P0 = 20 mW in all
cases
Au@SiO2 TiO2@SiO2 SiO2@TiO2
ashell=90 nm ashell=45 nm ashell=90 nm ashell=45 nm ashell=90 nm ashell=45 nm
acore=60 nm acore=30 nm acore=60 nm acore=30 nm acore=60 nm acore=30 nm
h=25 nm h=10 nm h=10 nm h=25 nm h=10 nm h=10 nm h=25 nm h=10 nm h=10 nm
λ=532 nm 807 327 - 130 53 8 170 67 17
λ=775 nm 407 169 24 28 11 2 52 20 5
λ=840 nm 234 95 17 20 8 1 39 15 4
λ=1064 nm 61 22 9 7 3 1 17 6 2
SiO2@TiO2 with h = 25 nm (top row) for high asymmetry and h = 10 nm (middle row) for
moderate asymmetry when the shell radius is 90 nm and the core radius 60 nm. The optical
torques with h = 25 nm are more than twice those with h = 10 nm. By using the Stokes
drag of a sphere in fluid, Ny = 8πµa3shellΩ where µ is the viscosity of water and Ω is the
particle rotation frequency, we can estimate the possible largest rotation frequency of the
eccentric core-shell particles, when held by a linearly polarised Gaussian beam, for different
wavelengths, each with a fixed beam power of P0 = 20 mW. Such a rotation can be achieved
by using the optical torque wrench.47 We observe that even for small particle sizes where
the radius is 90 nm (diameter of 180 nm), the Au@SiO2 eccentric core-shell particle can be
rotated at frequencies of a few hundred Hz with 532 nm. For λ = 1064 nm, the rotation
frequency of the Au@SiO2 can reach up to 61 Hz with h = 25 nm and 22 Hz with h = 10
nm. As to TiO2@SiO2 and SiO2@TiO2 eccentric core-shell particles, the potential rotation
frequencies can still range from a few Hz to 50 Hz. Our results are summarised in Table 2.
If the particle size is reduced by half, for instance ashell = 45 nm and acore = 30 nm,
the optical torques on the eccentric core-shell particles are still observable, as shown in
Fig. 2(g,h,i). Note that in Fig. 2(g), we did not show the optical torque with λ = 532 nm
since that wavelength is close to the surface plasmon resonance wavelength that is around
550 nm for Au@SiO2 core-shell particle in water when aSiO2 = 45 nm and aAu = 30 nm.
Based on the Stokes drag, the rotation frequency of such a small particle with diameter less
than 100 nm can be a few Hz when the optical torque wrench beam power is only 20 mW,
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as displayed in Table 2. This result is significant for practical applications, in particular
biological applications, as particle sizes below 100 nm are potentially more bio-compatible
than larger particles. Furthermore, using such low powers for optical rotation should reduce
potential issues associated with photo toxicity. Also, we would like to emphasise that in
practice, the optical trapping location of the particle is not at the focal point of beam in
most cases due to the field gradient. We consider a few cases when the geometrical centre
of the core-shell particle is located at different positions relative to be focus of beam along
the beam propagation direction, denoted as (0, 0, zcshell). As shown in detail in Sec. SI-1.4 in
the Supporting Information,42 we find that the magnitude of the trapping force Fz changes
significantly when zcshell varies from zcshell = 0 µm to zcshell = 1 µm, zcshell = 2 µm and zcshell = 4
µm while the magnitude of the optical torque Ny does not show an obvious variation. This
indicates that we can observe the optical rotation of the eccentric core-shell in nanoscale
in practical experiments. This indicates that the optical rotation of nanoscale eccentric
core-shell particles should be observable in realistic experimental scenarios, performed with
current technology.
To date, the most popular demonstration of optical rotation of small particle is to use a
circularly polarised Gaussian beam to rotate a birefringent particle at the micro-scale since
a birefringent particle has two nonparallel optical paths with different refractive indices. We
calculated the optical torque under the Gaussian illumination with circular polarisation on
an eccentric spherical core-shell particle at nanoscale with a dielectric core embedded in a
dielectric shell, such as TiO2@SiO2 and SiO2@TiO2. The mathematical description of the
illumination beam is given in Sec. SI-2 of the Supporting Information.42 Fig. 3 demonstrates
how the optical torques acting on an eccentric TiO2@SiO2 and an eccentric SiO2@TiO2
core-shell particle at nanoscale emerged in water (nmedium = 1.33) change with respect to the
variation of the orientation, θ, when the shell is located at the focus of the Gaussian beam
with circular polarisation. In this case, when θ changes, the optical torques along all three
directions, Nx, Ny and Nz, appear in which Nx and Ny are induced by the asymmetry of the
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eccentric spherical core-shell particle which Nz is mainly due to the circular polarisation of
the beam. Since in our calculations, we set variation of the geometrical feature (asymmetry)
of the eccentric core-shell particle to happen in the xz plane, Ny is the dominating torque
relative to Nx as shown in the first and the second column of Fig. 3. Relative to Fig. 2, we
can see that the amplitude of Ny under the circularly polarised Gaussian beam is in the same
order as that under the linearly polarised Gaussian beam, as shown in the second column
of Fig. 3. Nevertheless, we find that the magnitude of torque Nz that is induced by the
circular polarisation of the beam is much weaker when compared to the magnitude of torque
Ny that is introduced by the asymmetry of the eccentric core-shell particle, as presented in
second and third columns of Fig. 3. As such, we can conclude that the idea to exploit the
asymmetry of eccentric core-shell particle for optical rotation is more robust and general
when compared to solely using the circular polarisation of the trapping beam.
To confirm that the rotation of an eccentric core-shell particle is an observable phe-
nomenon, we studied the scattered light from the particle, P sca from the side of the linearly
polarised light beam. The scattered light is collected by a circular objective with radius
of 3.75 mm with centre located at (0.13 mm, 0, 0), as shown in Fig. 1b (indicated by the
eye). The power obtained by the objective can be calculated by integrating the time-average





{Real[Esca × (Hsca)∗]}dS. Fig. 4
presents the light power (photon counts) at the far field perpendicular to the beam propa-
gation when an eccentric core-shell particle with ashell = 90 nm and acore = 60 nm trapped
by a Gaussian beam with wavelength of 532 nm and beam waist radius of 1 µm. From this
figure, we can see that the scattered light power, P sca varies along with the orientation of
the core, which can be used to monitor the rotation of the eccentric core-shell particles in
practical experiments.
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(a) TiO2@SiO2 (b) TiO2@SiO2 (c) TiO2@SiO2
(d) SiO2@TiO2 (e) SiO2@TiO2 (f) SiO2@TiO2
Figure 3: Optical torque on (a-c) an eccentric TiO2@SiO2 core-shell particle and (d-f) an eccentric
SiO2@TiO2 in water (nmedium = 1.33) illuminated by a circularly polarised Gaussian beam with
waist radius of w0 = 1 µm. The geometric features of the eccentric core-shell particle are ashell = 90
nm, acore = 60 nm and h = 25 nm. The magnitude of torqueNy that is introduced by the asymmetry
of the eccentric core-shell particle is much higher than that of torque Nz which is induced by the
circular polarisation of the beam.
4 Conclusion
We numerically studied the optomechanical response of an eccentric core-shell particle with
sub-micron size under a Gaussian illumination with fixed beam waist radius w0 = 1 µm (more
detailed results can found in the supplementary material42). We considered three types of
core-shell particles: Au@SiO2, TiO2@SiO2 and SiO2@TiO2 together with different optical
trapping light beam wavelengths: λ = 532 nm, λ = 775 nm, λ = 840 nm and λ = 1064
nm. One exciting observation is that such an eccentric spherical core-shell particle with
diameter of 180 nm (Au@SiO2) can be rotated at over 800 Hz for a moderate illumination
power of 20 mW. For the same power, a 90 nm diameter particle (SiO2@TiO2) can be rotated
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(a) Au@SiO2 (b) TiO2@SiO2 (c) SiO2@TiO2
Figure 4: The scattered power along with the orientation of the core when λ = 532 nm that is
collected by an objective facing the beam polarisation direction. The objective is a circular plane
with radius of 3.75 mm which centre is located at (0.13 mm, 0, 0). In all cases, the power in
the scattered beam varies by of order 1%, as a function of particle orientation, which is readily
detectable.
at over 10 Hz. Optical rotation of such a small particle with such moderate light powers
is not achievable with currently used birefringent particles. This indicates that the use
of eccentric sub-micron scale core-shell particles will find use in fundamental and applied
studies in optical trapping where researchers seek rotation of nanometric sized objects. This
could include the areas of levitated optomechanics and biophotonics, where the particle may
perform as an optical torque wrench or enable the local measurement of nano-viscosity in
complex fluids, a path way to nanorheology. This is highly relevant to gain an understanding
of how cells respond to stimuli from their surrounding environment.
Acknowledgement
QS and ADG acknowledge support of the Australian Research Council Centre of Excellence
for Nanoscale BioPhotonics (CNBP) (Grant No. CE140100003). KD acknowledges the UK
Engineering and Physical Sciences Research Council (Grant EP/P030017/1). QS acknowl-
edges the support of an Australian Research Council Discovery Early Career Researcher
Award (Grant No. DE150100169), and ADG acknowledges the support of an Australian
Research Council Future Fellowship (Grant No. FT160100357). This research was under-
16
taken with the assistance of resources from the National Computational Infrastructure (NCI
Australia), an NCRIS enabled capability supported by the Australian Government (Grant
No. LE160100051).
Supporting Information Available
The following files are available free of charge.
• Supporting information for optical forces and torques on eccentric nanoscale core-shell
particles42
References
(1) Ashkin, A. Acceleration and Trapping of Particles by Radiation Pressure. Physical
Review Letters 1970, 24, 156–159.
(2) Ashkin, A. Atomic-Beam Deflection by Resonance-Radiation Pressure. Physical Review
Letters 1970, 25, 1321–1324.
(3) Spesyvtseva, S. E. S.; Dholakia, K. Trapping in a Material World. ACS Photonics 2016,
3, 719–736.
(4) Ashkin, A.; Dziedzic, J. Optical trapping and manipulation of viruses and bacteria.
Science 1987, 235, 1517–1520.
(5) Ashkin, A. Forces of a single-beam gradient laser trap on a dielectric sphere in the ray
optics regime. Biophysical Journal 1992, 61, 569–582.
(6) Wang, M.; Yin, H.; Landick, R.; Gelles, J.; Block, S. Stretching DNA with optical
tweezers. Biophysical Journal 1997, 72, 1335–1346.
17
(7) MacDonald, M. P.; Spalding, G. C.; Dholakia, K. Microfluidic sorting in an optical
lattice. Nature 2003, 426, 421–424.
(8) Pang, Y.; Song, H.; Kim, J. H.; Hou, X.; Cheng, W. Optical trapping of individ-
ual human immunodeficiency viruses in culture fluid reveals heterogeneity with single-
molecule resolution. Nature Nanotechnology 2014, 9, 624–630.
(9) Craig, D.; McDonald, A.; Mazilu, M.; Rendall, H.; Gunn-Moore, F.; Dholakia, K.
Enhanced Optical Manipulation of Cells Using Antireflection Coated Microparticles.
ACS Photonics 2015, 2, 1403–1409.
(10) Ritchie, D. B.; Woodside, M. T. Probing the structural dynamics of proteins and nucleic
acids with optical tweezers. Current Opinion in Structural Biology 2015, 34, 43–51.
(11) Chang, D. E.; Ni, K.-K.; Painter, O.; Kimble, H. J. Ultrahigh-Qmechanical oscillators
through optical trapping. New Journal of Physics 2012, 14, 045002.
(12) Gieseler, J.; Deutsch, B.; Quidant, R.; Novotny, L. Subkelvin Parametric Feedback
Cooling of a Laser-Trapped Nanoparticle. Physical Review Letters 2012, 109 .
(13) Monteiro, T. S.; Millen, J.; Pender, G. A. T.; Marquardt, F.; Chang, D.; Barker, P. F.
Dynamics of levitated nanospheres: towards the strong coupling regime. New Journal
of Physics 2013, 15, 015001.
(14) Neumeier, L.; Quidant, R.; Chang, D. E. Self-induced back-action optical trapping in
nanophotonic systems. New Journal of Physics 2015, 17, 123008.
(15) Delić, U.; Reisenbauer, M.; Dare, K.; Grass, D.; Vuletić, V.; Kiesel, N.; Aspelmeyer, M.
Cooling of a levitated nanoparticle to the motional quantum ground state. Science
2020, 367, 892–895.
(16) Rodríguez-Sevilla, P.; Arita, Y.; Liu, X.; Jaque, D.; Dholakia, K. The Temperature of
an Optically Trapped, Rotating Microparticle. ACS Photonics 2018, 5, 3772–3778.
18
(17) Stout, A. L.; Webb, W. W. Methods in Cell Biology ; Elsevier, 1997; pp 99–116.
(18) Garcés-Chávez, V.; McGloin, D.; Padgett, M. J.; Dultz, W.; Schmitzer, H.; Dholakia, K.
Observation of the Transfer of the Local Angular Momentum Density of a Multiringed
Light Beam to an Optically Trapped Particle. Physical Review Letters 2003, 91, 093602.
(19) Arita, Y.; Simpson, S. H.; Zemánek, P.; Dholakia, K. Coherent oscillations of a levitated
birefringent microsphere in vacuum driven by nonconservative rotation-translation cou-
pling. Science Advances 2020, 6, eaaz9858.
(20) Liu, M.; Ji, N.; Lin, Z.; Chui, S. T. Radiation torque on a birefringent sphere caused
by an electromagnetic wave. Physical Review E 2005, 72 .
(21) Chaudhuri, R. G.; Paria, S. Core/Shell Nanoparticles: Classes, Properties, Synthesis
Mechanisms, Characterization, and Applications. Chemical Reviews 2011, 112, 2373–
2433.
(22) Gawande, M. B.; Goswami, A.; Asefa, T.; Guo, H.; Biradar, A. V.; Peng, D.-L.; Zbo-
ril, R.; Varma, R. S. Core–shell nanoparticles: synthesis and applications in catalysis
and electrocatalysis. Chemical Society Reviews 2015, 44, 7540–7590.
(23) El-Toni, A. M.; Habila, M. A.; Labis, J. P.; ALOthman, Z. A.; Alhoshan, M.;
Elzatahry, A. A.; Zhang, F. Design, synthesis and applications of core–shell, hollow
core, and nanorattle multifunctional nanostructures. Nanoscale 2016, 8, 2510–2531.
(24) Arita, Y.; Richards, J. M.; Mazilu, M.; Spalding, G. C.; Spesyvtseva, S. E. S.; Craig, D.;
Dholakia, K. Rotational Dynamics and Heating of Trapped Nanovaterite Particles. ACS
Nano 2016, 10, 11505–11510.
(25) Bang, J.; Seberson, T.; Ju, P.; Ahn, J.; Xu, Z.; Gao, X.; Robicheaux, F.; Li, T. Five-
dimensional cooling and nonlinear dynamics of an optically levitated nanodumbbell.
Physical Review Research 2020, 2 .
19
(26) Jannasch, A.; Demirörs, A. F.; van Oostrum, P. D. J.; van Blaaderen, A.; Schäffer, E.
Nanonewton optical force trap employing anti-reflection coated, high-refractive-index
titania microspheres. Nature Photonics 2012, 6, 469–473.
(27) Spadaro, D.; Iatì, M. A.; Donato, M. G.; Gucciardi, P. G.; Saija, R.; Cherlakola, A. R.;
Scaramuzza, S.; Amendola, V.; Maragò, O. M. Scaling of optical forces on Au–PEG
core–shell nanoparticles. RSC Advances 2015, 5, 93139–93146.
(28) Ali, R.; Pinheiro, F. A.; Dutra, R. S.; Rosa, F. S. S.; Neto, P. A. M. Enantioselective
manipulation of single chiral nanoparticles using optical tweezers. Nanoscale 2020, 12,
5031–5037.
(29) Chen, T.; Chen, G.; Xing, S.; Wu, T.; Chen, H. Scalable Routes to Janus Au-SiO2and
Ternary Ag-Au-SiO2Nanoparticles. Chemistry of Materials 2010, 22, 3826–3828.
(30) Seh, Z. W.; Liu, S.; Zhang, S.-Y.; Shah, K. W.; Han, M.-Y. Synthesis and multiple reuse
of eccentric Au@TiO2 nanostructures as catalysts. Chemical Communications 2011,
47, 6689.
(31) Chen, T.; Yang, M.; Wang, X.; Tan, L. H.; Chen, H. Controlled Assembly of Eccen-
trically Encapsulated Gold Nanoparticles. Journal of the American Chemical Society
2008, 130, 11858–11859.
(32) Li, L.; Zhang, L.; Xing, S.; Wang, T.; Luo, S.; Zhang, X.; Liu, C.; Su, Z.; Wang, C.
Generalized Approach to the Synthesis of Reversible Concentric and Eccentric Polymer-
Coated Nanostructures. Small 2012, 9, 825–830.
(33) Li, Y.; Liu, B. Core–Shell SiO2-PS Colloids with Controlled Eccentric Ratio. ACS
Macro Letters 2017, 6, 1315–1319.
(34) Robinson, D. A.; White, H. S. Electrochemical Synthesis of Individual Core@Shell and
Hollow Ag/Ag2S Nanoparticles. Nano Letters 2019, 19, 5612–5619.
20
(35) Demirörs, A. F.; van Blaaderen, A.; Imhof, A. Synthesis of Eccentric Titania-Silica
Core-Shell and Composite Particles. Chemistry of Materials 2009, 21, 979–984.
(36) Li, G.; Tang, Z. Noble metal nanoparticle@metal oxide core/yolk–shell nanostructures
as catalysts: recent progress and perspective. Nanoscale 2014, 6, 3995–4011.
(37) Liu, X.; Iocozzia, J.; Wang, Y.; Cui, X.; Chen, Y.; Zhao, S.; Li, Z.; Lin, Z. Noble
metal–metal oxide nanohybrids with tailored nanostructures for efficient solar energy
conversion, photocatalysis and environmental remediation. Energy & Environmental
Science 2017, 10, 402–434.
(38) Chemin, J.-B.; Bulou, S.; Baba, K.; Fontaine, C.; Sindzingre, T.; Boscher, N. D.; Cho-
quet, P. Transparent anti-fogging and self-cleaning TiO2/SiO2 thin films on polymer
substrates using atmospheric plasma. Scientific Reports 2018, 8 .
(39) Rosales, A.; Esquivel, K. SiO2@TiO2 Composite Synthesis and Its Hydrophobic Ap-
plications: A Review. Catalysts 2020, 10, 171.
(40) Barton, J. P.; Alexander, D. R. Fifth-order corrected electromagnetic field components
for a fundamental Gaussian beam. Journal of Applied Physics 1989, 66, 2800–2802.
(41) Barton, J. P. Electromagnetic-field calculations for a sphere illuminated by a higher-
order Gaussian beam I Internal and near-field effects. Applied Optics 1997, 36, 1303.
(42) Sun, Q.; Dholakia, K.; Greentree, A. D. Supporting information for optical forces and
torques on asymmetric nanoscale core-shell particles. , 2020.
(43) Sun, Q.; Klaseboer, E.; Chan, D. Y. C. Robust multiscale field-only formulation of
electromagnetic scattering. Physical Review B 2017, 95 .
(44) Klaseboer, E.; Sun, Q.; Chan, D. Y. C. Field-only integral equation method for time
domain scattering of electromagnetic pulses. Applied Optics 2017, 56, 9377.
21
(45) Sun, Q.; Klaseboer, E.; Yuffa, A. J.; Chan, D. Y. C. Field-only surface integral equa-
tions: scattering from a perfect electric conductor. Journal of the Optical Society of
America A 2020, 37, 276.
(46) Sun, Q.; Klaseboer, E.; Yuffa, A. J.; Chan, D. Y. C. Field-only surface integral equa-
tions: scattering from a dielectric body. Journal of the Optical Society of America A
2020, 37, 284.
(47) Santybayeva, Z.; Pedaci, F. Optical Tweezers ; Springer New York, 2016; pp 157–181.
(48) Rakić, A. D.; Djurišić, A. B.; Elazar, J. M.; Majewski, M. L. Optical properties of
metallic films for vertical-cavity optoelectronic devices. Applied Optics 1998, 37, 5271.
(49) Malitson, I. H. Interspecimen Comparison of the Refractive Index of Fused Silica. Jour-
nal of the Optical Society of America 1965, 55, 1205.
(50) Bodurov, I.; Vlaeva, I.; Viraneva, A.; Yovcheva, T.; Sainov., S. Modified design of a
laser refractometer. Nanoscience & Nanotechnology 2016, 16, 31–33.
22
Supporting information for optical forces and torques on
eccentric nanoscale core-shell particles
Qiang Sun1,*, Kishan Dholakia2,3, and Andrew D Greentree1
1Australian Research Council Centre of Excellence for Nanoscale Biophotonics, School of Science, RMIT
University, Melbourne, VIC 3001, Australia
2SUPA, School of Physics and Astronomy, University of St Andrews, North Haugh, Fife KY16 9SS,
United Kingdom
3Department of Physics, College of Science, Yonsei University, Seoul 03722, South Korea
*Corresponding author: qiang.sun@rmit.edu.au
Number of pages: 15
Number of figures: 10


























SI-1 Optomechanical response of an eccentric spherical core-
shell particle under the Gaussian illumination with lin-
ear polarisation
Here we provide the detailed optomechanical response of an eccentric spherical core-shell particle
under the Gaussian illumination with linear polarisation, as described in Sec. 2 of the main text.
The asymmetry of the particle is introduced by the displacement between the core-centre and shell
centre. The beam waist radius is set as w0 = 1 µm when the beam propagates along z-axis and
polarises along x-axis. The distance between the core-centre and shell-center is h, and the angle
from the line connecting core-center and shell-center to the x axis is θ, so that when θ = 90o
the centre line measured from the shell-centre to the core-centre is along the beam propagation
direction.
It is intuitive that the interactions between an eccentric core-shell nanoparticle and external
electromagnetic field should be a function of the particle orientation. Take an eccentric Au@SiO2
particle with the shell radius ashell = 90 nm and core radius acore = 60 nm as an example, when it
is under the illumination of a linearly polarised Gaussian beam in air, by using the computational
model detailed in Sec. 2 in the main text, Fig. S1 shows the total electric and magnetic fields
in the surrounding medium and the transmitted electric and magnetic fields in the particles as
the centre of Au core is located at different position relative to the centre of the SiO2 shell, when
the shell centre is fixed at the focus of the beam. The wavelength of the beam is 532 nm, and
the displacement between the centre of the Au core and the centre of the SiO2 shell, h = 25 nm.
The contour plots of the x component of the electric field in the top row of Fig. S1 indicate that
we will expect a force perpendicular to the wave propagation. Also, under a propagating wave,
if the particle size is not very small when compared to the light wavelength, the effects of phase
across the particle cannot be ignored. Together with the asymmetry given by the eccentric core-
shell allocation, a torque acting on this particle will appear as shown by the contour plots of the
z component of the electric field and the y component of the magnetic field in the middle and
bottom rows of Fig. S1.
The total electric and magnetic fields in the surrounding medium are the superposition of the
incident field and the scattered field as E = Einc + Esca and H = H inc + Hsca. Introducing the
above relationships into Eqs. (4) and (5) in the main text, we notice that the optical force and
torque have three parts: one from the indecent field, one from the scattered field and one from the
S2
(a) θ = 0o (b) θ = 45o (c) θ = 315o
(d) θ = 0o (e) θ = 45o (f) θ = 315o
(g) θ = 0o (h) θ = 45o (i) θ = 315o
Figure S1: Electric and magnetic fields of when a linearly polarised Gaussian beam is incident on
an eccentric Au@SiO2 core-shell particle in air. The wavelength of the beam is 532 nm and its
waist radius is 1 µm. The radius of the Au core is 60 nm, that of the SiO2 shell is 90 nm, and
the displacement between the centre of the Au core and the centre of the SiO2 shell, h = 25 nm.
The refractive indices of air, SiO2 and Au are nair = 1.0, nSiO2 = 1.46 and nAu = 0.54 + i2.14,
respectively. (a-c) The x component of the electric field; (d-f) The z component of the electric
field; (g-i) The y component of the magnetic field at different orientation of the Au core.
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Based on the numerical experiments set up in our work, since the shell is spherical and its
centre is fixed at the focus of the incident Gaussian beam, the force and torque due to the incident
fields Einc and H inc are zeros: F inc = 0 and N inc = 0. It is worth mentioning that if the particle
is not located at the focus of beam, there will be optical force generated from the incident field
(gradient force). As such, in this work, we investigated the total optical force and torque, F and N
defined in Eqs. (4) and (5) in the main text, respectively, and those from the scattered field, F sca
and N sca defined in Eqs. (S1b) and (S2b), respectively, and those from the interaction between the
scattered field and the incident field F ext and N ext defined in Eqs. (S1c) and (S2c), respectively.
SI-1.1 Optical force along the beam propagation direction
Let us first consider the optical force along the beam propagation or the trapping force. Taking
an Au@SiO2 eccentric core-shell particle with the shell radius ashell = 90 nm and core radius
acore = 60 nm which shell centre is at the focal point of the Gaussian beam as an example. Fig. S2








Figure S2: Optical force along the direction of incident beam propagation on the eccentric Au@SiO2
core-shell particle under the linearly polarised Gaussian beam illumination. (a-c) in air with
nair = 1; (d-f) in water with nwater = 1.33. The shell radius is ashell = 90 nm, the core radius is
acore = 60 nm, the beam wavelength is λ = 532 nm, and the beam waist radius is w0 = 1 µm.
when an eccentric Au@SiO2 core-shell particle illuminated by a beam with wavelength λ = 532




z along with the Au core
orientation, θ when the surrounding medium is air with nair = 1. In Fig. S2(a), we can see that
when the distance, h, between the Au core-centre and the SiO2 shell-centre increases, the total
optical force along the wave propagation, Fz becomes larger and larger at all orientation angle θ.
It is noticeable that the force curves have two local minima when the orientation angle θ = 90o
and θ = 270o, respectively, where Fz is larger at θ = 90
o compared to that at θ = 270o. The trends
of the optical force along the wave propagation due to the interaction between the scattered field
and the incident field, F extz behaves the same, as shown in Fig. S2(c). It is noticeable that the
magnitude of this part of the optical force, F extz is higher than the net optical force, Fz. This is
due to the fact that the optical force from the scattered field shows a tractor effect (opposite to
the wave propagation direction), as shown in Figs S2(b). Nevertheless, the optical force from the
scattered field, F scaz is much smaller relative to that from the interaction between the incident and
the scattered field, F extz .
When the surrounding medium is water with nwater = 1.33, the variations of the optical forces,
Fz due to the asymmetry of the Au core change accordingly because of the difference of the ratio
of the relative refractive indices between the SiO2 shell and the surrounding medium. One obvious
difference is that θ = 90o becomes the orientation of Au core corresponding to the maximum optical
S5
(a) Au@SiO2 (b) Au@SiO2 (c) Au@SiO2
(d) TiO2@SiO2 (e) TiO2@SiO2 (f) TiO2@SiO2
(g) SiO2@TiO2 (h) SiO2@TiO2 (i) SiO2@TiO2
Figure S3: Optical force along the direction of incident beam propagation on three types of eccentric
core-shell particles in water under a linearly polarised Gaussian beam illumination with beam
waist radius as w0 = 1 µm. The geometrical features of the core-shell particle are ashell = 90 nm,
acore = 60 nm and h = 25 nm.
force along the wave propagation, as shown in Fig. S2(d). Also, when the asymmetry h of the
eccentric particle becomes larger, the net optical force along the beam propagation, Fz increases at
most orientations of the Au core except for a small range around θ = 270o which is the effect from
the force component due to the scattered field, F scaz as displayed in Fig. S2(e). When comparing
Figs. S2(e-f), we can see that the optical force from the interaction between the incident and the
scattered field, F extz dominates that from the scattered field, F
sca
z . Converting the magnitude of
the optical trapping force, Fz in Fig. S2(d), we obtain the Q-factor, Q = Fz c/(nmediumP0) with c
being the speed of light, larger than 0.029 which is reasonable.




Figure S4: Optical force perpendicular to the direction of incident beam propagation on the eccen-
tric Au@SiO2 core-shell particle under the linearly polarised Gaussian beam illumination. (a-c) in
air with nair = 1; (d-f) in water with nwater = 1.33. The shell radius is ashell = 90 nm, the core
radius is acore = 60 nm, the beam wavelength is λ = 532 nm, and the beam waist radius is w0 = 1
µm.
agation for three types of eccentric core-shell particles in water: Au@SiO2, TiO2@SiO2 and
SiO2@TiO2. Four wavelengths, λ = 532 nm, λ = 775 nm, λ = 840 nm and λ = 1064 nm are
under consideration when the linearly polarised Gaussian beam waist radius is fixed as w0 = 1
µm. As the wavelength becomes larger and larger, the magnitudes of the net optical force, Fz
decreases. From the first and second rows of Fig. S3, we can clearly see that the optical force
from the interaction between the scattered and incident fields, F extz dominates the force from the
scattered field, F scaz for Au@SiO2 and TiO2@SiO2. However, for SiO2@TiO2, the magnitude of
these two parts are in the same order and they are competing with each other. The net force Fz
shown in Fig. S3(g) indicates that the optical force from the interaction between the scattered and
incident fields, F extz overcomes the force from the scattered field, F
sca
z .
SI-1.2 Optical force perpendicular to the beam propagation
As the core particle is not concentric with the centre of the shell, there will be an optical force
perpendicular to the beam propagation direction. Fig. S4 displays the optical force perpendicular
to a linearly polarised Gaussian beam with its light wavelength as λ = 532 nm illuminating on an
eccentric Au@SiO2 core-shell particle. We, firstly, would like to point out that compared to the
optical force along the beam propagation axis Fz, Fx can be deemed as a secondary effect since
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(a) Au@SiO2 (b) Au@SiO2 (c) Au@SiO2
(d) TiO2@SiO2 (e) TiO2@SiO2 (f) TiO2@SiO2
(g) SiO2@TiO2 (h) SiO2@TiO2 (i) SiO2@TiO2
Figure S5: Optical force perpendicular to the direction of incident beam propagation on three types
of eccentric core-shell particles in water under a linearly polarised Gaussian beam illumination with
beam waist radius as w0 = 1 µm. The geometrical features of the core-shell particle are ashell = 90
nm, acore = 60 nm and h = 25 nm.
the magnitude of Fx is 2 orders lower than that of Fz.




x with respect to the
orientation of the Au core, θ are quite similar for air or water as the surrounding medium. It is
intuitive to consider that the maximum value of this optical force, Fx appears when the core particle
is at the maximum displacement from the beam axis at θ = 0o and θ = 180o which is demonstrated
in Fig. S4. If the surrounding medium is air, the orientation of the Au core corresponding to the
largest value of Fx is shifted a little away from θ = 0
o or θ = 180o as displayed in S4(a). This
is because the change of the refractive index of the surrounding medium tuned the scattered field




Figure S6: Optical torque perpendicular to the direction of incident beam propagation on the
eccentric Au@SiO2 core-shell particle under the linearly polarised Gaussian beam illumination.
(a-c) in air with nair = 1; (d-f) in water with nwater = 1.33. The shell radius is ashell = 90 nm, the
core radius is acore = 60 nm, the beam wavelength is λ = 532 nm, and the beam waist radius is
w0 = 1 µm.
which the contribution of the interaction between the scattered and incident fields is dominating,
for the optical force perpendicular to the beam direction, Fx, both the force from the scattered
field, F scax and that from the interaction of the scattered and incident fields, F
ext
x have similar
contributions to the net Fx for the Au@SiO2 core-shell particle when λ = 532 nm.
The optical force perpendicular to beam propagation under different wavelengths on three
types of eccentric core-shell particles with h = 25 nm are shown in Fig. S5. For the Au@SiO2
core-shell particle at long wavelengths, the force from the scattered field, F scax competes with that
from the interaction of the scattered and incident fields, F extx , as shown in Figs. S5(b-c). As to the
TiO2@SiO2 and SiO2@TiO2 core-shell particles, the net force, Fx is dominated by the contribution
from the scattered field, F scax for all the wavelengths under consideration, as displayed in the second
and third rows of Fig. S5.
SI-1.3 Optical torque
The direction of the optical torque is perpendicular to the plane constructed by the light propaga-
tion direction and its electric field polarisation direction. Fig. S6 illustrates how the asymmetry, h
and orientation, θ of the Au core affect the optical torque on an eccentric Au@SiO2 core-shell par-
ticle under the illumination of a linearly polarised Gaussian beam with wavelength as λ = 532 nm.
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(a) Au@SiO2 (b) Au@SiO2 (c) Au@SiO2
(d) TiO2@SiO2 (e) TiO2@SiO2 (f) TiO2@SiO2
(g) SiO2@TiO2 (h) SiO2@TiO2 (i) SiO2@TiO2
Figure S7: Optical torque perpendicular to the direction of incident beam propagation on three
types of eccentric core-shell particles in water under a linearly polarised Gaussian beam illumination
with beam waist radius as w0 = 1 µm. The geometrical features of the core-shell particle are
ashell = 90 nm, acore = 60 nm and h = 25 nm.
As shown in Figs. S6(b-c) and (e-f), when the displacement h between the centre of the Au core
and that of the SiO2 shell increases, the optical torques due to the scattered field and the interac-
tion between the incident and scattered fields become more and more significant. However, these
two effects are out of phase (180 degree difference) along the orientation angle of the Au core, θ,
when the surrounding medium is air, as shown in Figs. S6(b) and (c). This leads to a small net
optical torque as presented in Fig. S6(a). When the surrounding medium is water, the optical
torques due to the scattered field and the interaction between the incident and scattered fields are
in phase along with the orientation angle of the Au core, θ. As such, the total optical torque on
the eccentric Au@SiO2 core-shell particle in water is more significant relative to that in air.
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(a) Fx (b) Fz (c) Ny
(d) Fx (e) Fz (f) Ny
Figure S8: Optical force and torque an eccentric Au@SiO2 core-shell particle in water (nmedium =
1.33) under a circular polarised Gaussian beam illumination with beam waist radius as w0 = 1 µm
when the geometric centre of the shell locates at different positions along the beam propagation
direction: (a-c) λ=532 nm and (d-f) λ=1064 nm. The geometric features of the eccentric core-shell
particle are ashell = 90 nm, acore = 60 nm and h = 25 nm.
Fig. S7 shows the effect of wavelength on the optical torque acting on three types of eccentric
core-shell particles with h = 25 nm under the illumination of a linearly polarised Gaussian beam
in water. As displayed in the first row of Fig. S7, for the Au@SiO2 eccentric core-shell particle, the
optical torque from the scattered field, N scay and that from the interaction between the scattered
and incident fields, N exty are in phase with respect to the orientation of the Au core, θ, which
leads to a significant net optical torque, Ny. As to the TiO2@SiO2 eccentric core-shell particle,
net optical torque, Ny is dominated by the interaction between the scattered and incident fields,
N exty ; while for the SiO2@TiO2 eccentric core-shell particle, the contribution from the scattered
field dominates.
SI-1.4 When the eccentric core-shell particle is away from the focal point
of the beam
In the previous sections, we demonstrate the optomechanical response of an eccentric spherical
core-shell particle under the linearly polarised Gaussian illumination when the centre of the shell
is trapped at the focus of the beam. Nevertheless, in practice, the optical trapping location of
the particle is not at the focal point of beam in most cases due to the field gradient. We then
consider a few cases when the geometrical centre of the eccentric core-shell particle is at different
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(a) Fx (b) Fz (c) Ny
(d) Fx (e) Fz (f) Ny
Figure S9: Optical force and torque an eccentric TiO2@SiO2 core-shell particle in water (nmedium =
1.33) under a circular polarised Gaussian beam illumination with beam waist radius as w0 = 1 µm
when the geometric centre of the shell locates at different positions along the beam propagation
direction: (a-c) λ=532 nm and (d-f) λ=1064 nm. The geometric features of the eccentric core-shell
particle are ashell = 90 nm, acore = 60 nm and h = 25 nm.
positions relative to the beam focus along the beam propagation direction, denoted as (0, 0, zcshell).
From Figs. S8 and S9, we can see that the magnitude of the trapping force Fz changes significantly
when zcshell varies from z
c
shell = 0 µm to z
c
shell = 1 µm, z
c
shell = 2 µm and z
c
shell = 4 µm, while
the magnitude of the optical torque Ny does not show an obvious variation. This indicates that
the optical rotation of nanoscale eccentric core-shall particles should be observable in realistic
experiments using current technology.
SI-2 Optical torques on an eccentric spherical core-shell par-
ticle under a Gaussian beam with circular polarisation
Circularly polarised Gaussian beams have commonly been used to optically rotate microscale
birefringent particles. In this section, we explore the optical torques acting on an eccentric core-
shell particle under the Gaussian illumination with circular polarisation. Suppose a circularly
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Using Eq. (S3) as the incident field and following the simulation demonstrated in Sec. 2 of the
main text, we can get the optomechanical response of an eccentric core-shell particle under the
illumination of a Gaussian beam with circular polarisation.
(a) ashell = 90 nm, acore = 60 nm,
h = 25 nm
(b) ashell = 90 nm, acore = 60 nm,
h = 10 nm
(c) ashell = 45 nm, acore = 30 nm,
h = 10 nm
(d) ashell = 90 nm, acore = 60 nm,
h = 25 nm
(e) ashell = 90 nm, acore = 60 nm,
h = 10 nm
(f) ashell = 45 nm, acore = 30 nm,
h = 10 nm
(g) ashell = 90 nm, acore = 60 nm,
h = 25 nm
(h) ashell = 90 nm, acore = 60 nm,
h = 10 nm
(i) ashell = 45 nm, acore = 30 nm,
h = 10 nm
Figure S10: Optical torques on an eccentric Au@SiO2 core-shell particle in water with nmedium =
1.33 under a circular polarised Gaussian beam illumination with beam waist radius as w0 = 1 µm.
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Table S1: Non-dimensional optical torque N̂z ≡ Nz/[ε0E20(aSiO2)3] on concentric Au@SiO2
core-shell particle (h = 0) under the illumination of Gaussian beam with circular
polarisation and waist radius as 1µm in water at different wavelengths, λ, and the
corresponding rotation frequency Ω (in Hz) when the beam power is P0 = 20 mW.
ashell=90 nm, ashell=45 nm ashell=60 nm, ashell=30 nm
zc=0 µm zc=1 µm zc=2 µm zc=4 µm zc=0 µm zc=1 µm zc=2 µm zc=4 µm
N̂z Ω N̂z Ω N̂z Ω N̂z Ω N̂z Ω N̂z Ω N̂z Ω N̂z Ω
λ=775 nm 0.313 594 0.303 575 0.276 523 0.202 383 0.169 314 0.163 303 0.148 275 0.109 202
λ=840 nm 0.216 407 0.208 392 0.186 350 0.131 247 0.123 227 0.118 218 0.106 195 0.075 138
λ=1064 nm 0.109 205 0.102 192 0.086 162 0.053 99 0.070 125 0.066 118 0.056 100 0.035 62
As discussed in the main text, to compare with the case of birefringent particles, we calculated
the optical torque on a nanoscale eccentric spherical core-shell particle which is composed by a
dielectric core and a dielectric shell, such as TiO2@SiO2 and SiO2@TiO2. Our results show that
the optical torque that is perpendicular the beam direction due to the asymmetry of the eccentric
spherical core-shell particle is much higher than the optical torque along the wave propagation
direction due to the circular polarisation of the beam.
We also consider another type of eccentric spherical core-shell particle that has a metallic core
in a dielectric shell, for example Au@SiO2. Fig. S10 demonstrates how the optical torques acting on
an eccentric spherical Au@SiO2 core-shell particle in water (nmedium = 1.33) change with respect
to the orientation of the Au core, θ, when the geometrical centre of the SiO2 shell is trapped at
the beam focus. Due to the eccentricity and refractive index profile, torques Nx and Ny appear
and vary with respect to θ. In our simulations, as the eccentric feature (asymmetry), θ, varies
in the xz plane, Ny is the dominating torque relative to Nx, as shown in the first and second
rows of Fig. S10. Comparing Fig. S10 (d) and Fig. S7 (a), we can see that the amplitude of Ny
under the circularly polarised Gaussian illumination is in the same order as that under the linearly
polarised Gaussian beam. Due to the circular polarisation, the torque along the wave propagation,
Nz, also appears. As shown in the third row of Fig. S10, the magnitude of Nz is in the same
order as Ny. Such an enhanced torque Nz acting on the Au@SiO2 eccentric spherical core-shell
particle relative to that on the TiO2@SiO2 eccentric spherical core-shell particle is mainly due
to the strong absorption of the Au core at the wavelengths under consideration. We would like
also to mention that the noticeable optical torque Nz acting on such a Au@SiO2 particle by using
the circular polarisation beam can be achievable when using the concentric core-shell particle, as
listed in Table S1. Nevertheless, the rotation of a fully symmetric particle is hard to observe
from its steady scattered pattern at the far field, which makes it not an ideal probe for the local
measurement of nanoscale environments.
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